Brain mechanisms underlying mastication have been studied in non-human mammals but less so in humans. We used functional magnetic resonance imaging (fMRI) to evaluate brain activity in humans during gum chewing. Chewing was associated with activations in the cerebellum, motor cortex and caudate, cingulate, and brainstem. We also divided the 25-second chew-blocks into 5 segments of equal 5-second durations and evaluated activations within and between each of the 5 segments. This analysis revealed activation clusters unique to the initial segment, which may indicate brain regions involved with initiating chewing. Several clusters were uniquely activated during the last segment as well, which may represent brain regions involved with anticipatory or motor events associated with the end of the chew-block. In conclusion, this study provided evidence for specific brain areas associated with chewing in humans and demonstrated that brain activation patterns may dynamically change over the course of chewing sequences. KEY WORDS: mastication, feeding behavior, eating, magnetic resonance imaging, neuroimaging, digestive system and oral physiological phenomena.
INTRODUCTION
M astication is critical to sustaining life. Major contributions to understanding the neural basis of mastication have come from animal studies over the past half century (for reviews, see Lund and Kolta, 2006a,b; Nakamura and Katakura, 1995) . By contrast, the neural mechanisms underlying human mastication remain rarely studied.
Animal studies have identified the brainstem circuits responsible for generating the chewing rhythm and for coordinating orofaciopharyngeal muscle activity (Nakamura and Katakura, 1995; Lund, 2011) . Animal studies have also shown that masticatory jaw movements are evocable via stimulation of specific cortical sites (Lund et al., 1984) . Other contributions to producing or modulating jaw movements are made by the basal ganglia (Adachi et al., 2002) and other regions. The degree to which neural mechanisms of oral motor control compare between humans and non-human mammalian species is unclear. Since much of the animal work is done under the assumption that it will ultimately apply to the human condition, it seems critical to perform human studies to evaluate this assumption.
Most animal studies use invasive techniques such as neural ensemble recording, electrical stimulation, brain slice preparations, and lesion studies, among others (Lund and Kolta, 2006a) . None of these protocols can be used in humans because of their invasiveness.
Functional magnetic resonance imaging (fMRI), which assesses cerebral blood flow associated with regional brain activity, has been used to demonstrate increased activation in the primary sensorimotor areas, supplementary motor areas, and cerebellum during gum chewing in humans (Onozuka et al., 2002 (Onozuka et al., , 2003 . Similar results were found in studies of human chewing that used positron emission tomography (PET) (Momose et al., 1997) . These and only a few other neuroimaging studies have provided some understanding of human brain activity related to oral function (Bracco et al., 2010; Kimoto et al., 2011) and parafunction (Tamura et al., 2003; Byrd et al., 2009; Jiang et al., 2010) .
However, each of these neuroimaging studies has limitations associated with experimental designs, including small samples, lack of control regarding the side of the mouth on which study participants chewed, manipulation of the chewing rhythm with a metronome, etc. The present fMRI investigation used a relatively large number of human participants and allowed them to chew at their "natural" rates while chewing on the right side of the mouth only.
MATERIALS & METHODS

Study Population
Twenty-nine healthy, right-handed individuals (15 men, 14 women; mean age ± SD, 24.0 ± 3.5 yrs), with fully dentate Class I occlusions, were selected. The study was approved by the University of Michigan Medical Institutional Review Board; participants read and signed informed consents before the study began. The research diagnostic criteria for temporomandibular disorders (RDC-TMD) (Dworkin and LeResche, 1992) were used to exclude individuals with myogenous or arthrogenous conditions. Further exclusion criteria were: use of medications with known neuromotor effects, e.g., neuroleptics or antidepressants; use of over-thecounter medications within 3 days of the imaging session; presence of systemic, vascular, or central nervous system diseases; and use of medical devices or the presence of conditions that would be dangerous in or incompatible with the MRI environment.
fMRI Protocol
Participants were placed in the scanner (3T, GE Signa MRI, Milwaukee, WI, USA), and their heads were secured with Velcro straps and stabilized with wedge-shaped mini-pillows to decrease movement artifacts. T1 images (TR = 12.3 ms, TE = 5.2 ms, flip angle = 15 degrees, bandwidth = 15.63, field of view = 26 cm, number of slices = 144, and slice thickness = 1 mm) were performed and used for preprocessing of the anatomic and functional data (see fMRI data analysis). Participants used prismatic glasses to read commands that guided them to chew gum on the right side or to hold the gum next to the right cheek while remaining at rest. A 25-second rest block followed by a 25-second chew block design was repeated 10 times.
Prior to MRI data collection, participants chewed the gum for 5 min to develop an even consistency. During the subsequent 10 chew-rest blocks, fMRI images were recorded (TR = 2,500 ms, TE = 30 ms, flip angle = 90 degrees, field of view = 22 cm, slice thickness = 3.0 mm, number of scans = 200, number of slices = 53, and voxel size = 3.44 x 3.44 x 3 mm). The TR we used was selected to allow for chew-block segmentation [see 'Chewing Segment Contrasts']. For each run, the first 5 images were discarded to account for signal stabilization.
fMRI Data Analysis
For data analysis, we used SPM 5 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm5/) executed under Matlab 7.1. Images were preprocessed with slice-time and motion correction to realign all the images with the first image and to remove movement artifacts associated with chew blocks and other movements. Anatomic images were normalized with a standard Montreal Neurological Institute (MNI) template. Thereafter, images were smoothed (6 mm Gaussian kernel) and fitted to hemodynamic response functions (HRF). In all analyses, a cluster-levelcorrected p < 0.05 defined significance.
Chew-Rest Contrasts
A first-level analysis for each participant contrasted chew blocks with rest blocks. A second-level analysis was used to compare group-level differences between chew and rest blocks ( Fig. 1 ).
Chewing Segment Contrasts
The 25-second chew blocks were divided into 5 non-overlapping 5-second segments. To evaluate brain activation differences between the segments, we performed a first-level analysis for each participant and a second-level analysis for the group, where each segment was contrasted to the rest block ( Fig. 2) . Another second-level analysis contrasted successive segments ( Fig. 3 ).
RESULTS
Chew Blocks vs. Rest Blocks
Areas of hyperactivation during chewing occurred in bilateral pre-and post-central gyri, extending over the primary motor cortex, in bilateral posterior cerebellar lobes (p < 0.001), and in the rostrum of the corpus callosum and anterior cingulate gyrus, extending into the head of the left caudate nucleus (p < 0.01) (Table, Fig. 1 ).
Areas of hypo-activation during chewing occurred in the right frontal lobe, especially in the inferior frontal gyrus (p < 0.001) and the inferior operculum (p < 0.001) and in the left posterior lobe of the cerebellum (p < 0.01) (Table, Fig. 1 ).
Chew-block Segments vs. Rest-blocks
The results of the contrasts between each 5-second chew-block segment vs. rest are shown in the Table and Fig. 2 . Activations mirrored those observed in the block results [see 'Chew-blocks vs. Rest-blocks', above]. The main finding was the considerable variation in the regional volumes activated or deactivated from segment to segment (Fig. 2) . Also, activations in the posterior lobe of the right cerebellum were present in the first 3 segments only.
Contrasts between Successive Chew-block Segments
The results of the contrasts between successive chew-block segments are shown in the Table and Fig. 3 . Hyperactivations in segment 1/5 relative to segment 2/5 occurred in the left superior frontal gyrus, extending to the supplementary motor cortex and the middle frontal cortex, the pre-central gyrus, and the caudate and putamen. No significant changes were noted between segments 2/5 and 3/5. Hyperactivations were observed in the anterior lobe of the right cerebellum, superior temporal gyrus, and Fig. shows the 2 successive chew-block segments depicted in the adjacent brain slices. Note the color coding: Red/yellow areas show where brain activity was higher in a given segment relative to the ensuing segment; blue/green areas show areas where brain activity was higher in a given segment relative to the preceding segment. The first contrast (1/5 -2/5) shows the brain activations during the initiation of the chew block. The other contrasts show brain activity during sustained chewing. ACC = anterior cingulate cortex; Bs = brainstem; C = caudate nucleus; CCx = cingulate cortex; In = insula; mB = midbrain; PCC = posterior cingulate cortex; pCg = precentral gyrus; plC = cerebellum, posterior lobe; paCg = paracentral gyrus; preC = precuneus; sTg = superior temporal gyrus; T = thalamus. cuneus in segment 3/5 vs. segment 4/5. Finally, increased activity in the right anterior and posterior cingulate cortices was observed during segment 4/5 relative to segment 5/5 (Table, Fig. 3) , with hyperactivations in the cingulate cortex, superior temporal gyrus, and pre-central gyrus in segment 5/5 relative to 4/5 (not shown in the Table; however, see blue colors, Fig. 3 , bottom panel).
DISCUSSION
The chew-block vs. rest-block results were similar to the results observed in animal and human studies, with corroborating findings of activity in the primary motor cortex and supplementary motor cortex (Onozuka et al., 2003; Tamura et al., 2003; Lund and Kolta, 2006a) . Activations in the middle section of the precentral gyrus (Fig. 2) approximate those in orofacial motor regions and may represent the human analogs of the cortical masticatory areas (CMA) from which masticatory movements can be evoked in animals (Nakamura and Katakura, 1995) . Different sites within the CMA appear to control variation in jaw movement kinematics in mammals (Nakamura and Katakura, 1995) , suggesting that the broader the areas activated, the more diverse the chewing movements during a chewing sequence. We would expect a gum-chewing task to involve relatively little kinematic variation, except during gum manipulation by the tongue, lips, cheeks, and teeth at the beginning and end of a chew block. Inspection of Figs. 2 and 3 reveals that the activations of these motor cortical areas do indeed increase in size near the beginning (segment 1/5) and end (segment 5/5) of a chew block.
There is evidence from animal studies that the CMA is responsible for initiating chewing (Sessle, 2011) . In our results, activity in the motor cortices was highest during segment 1/5 of the chew-block (Figs. 2, 3) , corroborating this evidence from former animal studies.
Circuits formed among the motor cortex, pons, and cerebellum are involved in motor coordination (Glickstein and Doron, 2008) . A previous fMRI investigation reported bilateral motor cortical and cerebellar activations during a gum-chewing task (Onozuka et al., 2002) . By contrast, our investigation reported a switch from bilateral to contralateral cerebellar activation as chew blocks progressed through the 5 segments (see Table, contrasts between chew segments and rest blocks). The Onozuka et al. study allowed participants to chew on the left and/or right side, whereas our study asked participants to perform rightsided chewing only. Also, the Onozuka et al. study had participants chew to a metronome, whereas our participants chewed at self-determined paces. The cerebellum is involved in the coordination and rhythmicity of oral functions (Bryant et al., 2010) ; hence, the observed differences in cerebellar activity could reflect differences in how the masticatory movements were controlled in the 2 studies.
Additionally, the switch from bilateral to contralateral cerebellar activation was seen only in the 4th and 5th chewing segments of the chew block, whereas the traditional chew-block analysis revealed bilateral cerebellar activations (compare the top of the likely reflects an important shift in central masticatory control that occurs during relatively long chewing bouts. The supplementary motor cortex, premotor cortex, and superior temporal gyrus are involved with modulating chewing movements associated with changes in bolus hardness (Takahashi et al., 2007) . However, another investigation showed that many of these regions are activated during tooth clenching, suggesting that relatively high bite forces are sufficient to activate them (Iida et al., 2010) . Because these regions were more activated at the beginning or end of our chew blocks (Fig. 3) , we hypothesize that they may have been involved in modulating the type of muscle activity, which would be associated with moving the gum from the cheek to the occlusal table and vice versa.
We observed a brainstem activation cluster in the contrast between chew blocks and rest blocks; however, fMRI does not provide adequate spatial resolution to identify specific brainstem sites. Based on the position of the clusters, they likely included brainstem regions known to be involved with masticatory rhythm and muscle activity pattern generation in animals (Dellow and Lund, 1971; Nakamura et al., 2004; Lund and Kolta, 2006a) . Thus, our results support the hypothesis that these brainstem regions are involved as central pattern generators and central timing networks in humans as well.
The basal ganglia and amygdala are implicated in oral movements, including chewing, dyskinesias, and parafunctions (Furata and Murakami, 1989; Nishino et al., 1991; Masuda et al., 2001; McCormick and Stoessl, 2002; Andreassen et al., 2003; Lee et al., 2004; Jiang et al., 2010) . The present study demonstrated activations in the head of the caudate nucleus, putamen, and amygdala (Table, Fig. 2 ) during gum chewing, suggesting that these regions may be associated with routine chewing. The activations appeared most pronounced near the onset of chew-blocks (Table) , suggesting a role in chewing initiation.
Since gum chewing does not require relatively large kinematic changes from chew to chew, it might be expected that brain activity throughout the chew block would remain stable. However, the contrasts between successive chew-block segments showed considerable variation in the volumes activated in motor and supplementary motor cortices and the cerebellum, suggesting dynamic local changes in brain activity while participants chewed. Future studies will need to investigate the nature and function of these dynamic changes.
Several study limitations should be mentioned. First, brain activation patterns reported here may not reflect those that would be observed under routine conditions. The involvement of cerebral centers likely differs between natural chewing and chewing that is controlled by experimental protocols. Also, we did not monitor chewing kinematics during chewing; consequently, the effects due to variation in masticatory muscle activity could not be evaluated. We did not assess chewing side preference beforehand, and this may also have affected findings.
Additionally, the use of a fixed 25-second block design likely leads to brain activations associated with anticipating the next commands, and this may affect results near the beginnings and ends of blocks. It will be important to develop studies that will mimic routine 'spontaneous' chewing. Toward that end, because our participants were less likely to be thinking about the commands to start or stop chewing during the middle of chew blocks, perhaps the observed activations in segments 2/5, 3/5, and 4/5 better approximate those that would occur during routine chewing (Fig. 2) . Other factors to consider in future studies will be food tastes, evolution of food bolus consistency and size, chewing in a supine vs. upright position, and repeating the experiments on the same individuals to study reliability.
Finally, this study's segmental analyses were novel, and study designs, e.g., block duration vs. repetition time, were used to minimize physiological and statistical artifacts. Nonparametric analysis methods exist, e.g., finite impulse response; however, there are limitations to these methods as well. Whatever the case, studies of the time-varying aspects of brain activity during ongoing tasks are a compelling avenue for future study.
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